Obesity rates continue to rise throughout the world. Recent evidence has suggested that environmental factors contribute to altered energy balance regulation. However, the role of epigenetic modifications to the central control of energy homeostasis remains unknown. To investigate the role of DNA methylation in the regulation of energy balance, we investigated the role of the de novo DNA methyltransferase, Dnmt3a, in Single-minded 1 (Sim1) cells, including neurons in the paraventricular nucleus of the hypothalamus (PVH). Dnmt3a expression levels were decreased in the PVH of high-fat-fed mice. Mice lacking Dnmt3a specifically in the Sim1 neurons, which are expressed in the forebrain, including PVH, became obese with increased amounts of abdominal and subcutaneous fat. The mice were also found to have hyperphagia, decreased energy expenditure, and glucose intolerance with increased serum insulin and leptin. Furthermore, these mice developed hyper-LDL cholesterolemia when fed a high-fat diet. Gene expression profiling and DNA methylation analysis revealed that the expression of tyrosine hydroxylase and galanin were highly upregulated in the PVH of Sim1-specific Dnmt3a deletion mice. DNA methylation levels of the tyrosine hydroxylase promoter were decreased in the PVH of the deletion mice. These results suggest that Dnmt3a in the PVH is necessary for the normal control of body weight and energy homeostasis and that tyrosine hydroxylase is a putative target of Dnmt3a in the PVH. These results provide evidence for a role for Dnmt3a in the PVH to link environmental conditions to altered energy homeostasis.
Introduction
Global obesity rates are increasing rapidly; however, the factors underlying this phenomenon are not fully understood. Although genetic and environmental factors are both important for maintaining energy homeostasis, the relative extent of their contributions is still to be established. Despite the identification of single gene mutations in some cases of severe obesity (Montague et al., 1997; Clément et al., 1998; Krude et al., 1998; Yeo et al., 1998) , the frequency of monogenic obesity in the general population is estimated to be low (Vaisse et al., 2000; Hinney et al., 2010; Yeo and Heisler, 2012) .
How environmental factors cause long-term changes in metabolism remains unclear, but emerging evidence has suggested the importance of epigenetic gene regulation in the development of obesity. The epigenetic status of a gene can be altered in response to environmental changes and affects gene expression (Jirtle and Skinner, 2007; Feil and Fraga, 2011) . One form of epigenetic modification involves the addition of a methyl group to DNA cytosine residues (Law and Jacobsen, 2010). Several groups have described developmental programming models in which environmental factors cause long-term physiological changes that increase the risk of obesity and metabolic disease later in life (Ravelli et al., 1976; Barker and Osmond, 1986; Yura et al., 2005) . Importantly, de novo DNA methylation actively occurs under the influence of extrinsic factors during development (Waterland and Jirtle, 2003; Jirtle and Skinner, 2007; Feil and Fraga, 2011) , suggesting that methylation is critical for proper growth. Consistent with this, DNA methylation has been implicated in growth and development because the inhibition of the de novo DNA methyltransferase, Dnmt3, in honeybee larva or the mutation of Dnmt3a in human leads to overgrowth or overgrowth syndrome (Kucharski et al., 2008; Tatton-Brown et al., 2014) . These findings suggest a role for DNA methylation in the regulation of energy homeostasis.
The hypothalamus plays a pivotal role in the control of body weight. Specifically, the feeding effects of the melanocortin pathway are mediated through melanocortin 4 receptor (MC4R) in Sim1 neurons within the paraventricular nucleus of the hypothalamus (PVH; Balthasar et al., 2005) . In addition, PVH neurons express several hormones related to feeding and metabolic regulation, including oxytocin, vasopressin, corticotropin-releasing hormone (CRH), thyrotropin-releasing hormone neurons, and galanin. However, the extent of the contribution of each hormone to energy homeostasis is not fully understood. Previous reports have shown that the PVH is able to respond to external signals, such as stress, to maintain homeostasis (Herman et al., 2003) . For instance, earlylife stressors invoke changes in the DNA methylation of the vasopressin gene within the PVH (Murgatroyd et al., 2009) . Furthermore, the expression of methyl-cytosine binding protein 2 (MeCP2), a protein with a methyl-CpG-binding domain, in the Sim1 neurons is associated with stressrelated behavior and is required to regulate energy homeostasis (Fyffe et al., 2008) . Considering these facts, we hypothesize that the PVH plays an important role in the epigenetic regulation of obesity.
To examine the role of DNA methylation in the hypothalamic control of body weight, we investigated the role of Dnmt3a in PVH neurons.
Materials and Methods
Animal care. All mouse care and experimental procedures were approved by the University of Texas Southwestern and Gunma University Institutional Animal Care and Use Committee. Mice were kept at room temperature (22-24°C) with a 12 h light/dark cycle (lights on at 6:00 A.M.). Regular chow (4% fat diet; 7001; Harlan Laboratories) or a high-fat diet (HFD; 42% fat diet; TD.88137; Harlan Laboratories) and water were provided ad libitum. For the HFD study in Fig. 5 , regular chow or HFD was provided from 4 to 10 weeks of age. All mice had been backcrossed on the C57BL/6 background for six or more generations. To generate the Sim1-Cre-specific Dnmt3a deletion (Dnmt3a lox/lox /Sim1-Cre) mice, female mice homozygous for the floxed Dnmt3a allele (Kaneda et al., 2004; Dodge et al., 2005) were crossed with male mice homozygous for the floxed Dnmt3a allele and heterozygous for the Sim1-Cre transgene (Balthasar et al., 2005) . A, qPCR analysis of Dnmt3a mRNA expression levels in the PVH (n ϭ 4) of regular chow-or HFD-fed mice (n ϭ 4). Dnmt1, Dnmt3a, and Dnmt3b mRNA expression levels in the PVH (B) and amygdala (C) (n ϭ 3-5) of Dnmt3a lox/lox mice and Dnmt3a lox/lox /Sim1-Cre mice. qPCR analysis of MC4R (D), BDNF (E), and CRH (F ) mRNA expression levels in the PVH (n ϭ 5) of Dnmt3a lox/lox mice and Dnmt3a lox/lox /Sim1-Cre mice. *p Ͻ 0.05, ## p Ͻ 0.001. Figure 2 . Development of obesity in Sim1-Cre-specific Dnmt3a deletion mice. A, Dnmt3a lox/lox mouse (left) and Dnmt3a lox/lox / Sim1-Cre mouse (right) at 22 weeks of age. Weekly body weight of male (n ϭ 4 -13) (B) and female (n ϭ 9 -16) (C) mice. D, Body lengths of 23-week-old male (n ϭ 6) and female (n ϭ 10) mice. E, Left, Representative CT-scan image of a Dnmt3a lox/lox mouse (left) and a Dnmt3a lox/lox /Sim1-Cre mouse (right). Green, Muscle; red, fat. Right, The volumes of visceral and subcutaneous fats of 23-week-old male mice (n ϭ 4). F, Fat pad weight of 27-week-old male mice (n ϭ 4). G, Epididymal fat (top) and liver (bottom) of 24-week-old Dnmt3a lox/lox and Dnmt3a lox/lox /Sim1-Cre male mice (hematoxylin and eosin staining). Scale bars, 100 m. Sub, Subcutaneous fat; Peri, perirenal fat; Mes, mesenteric fat; Epi, epididymal fat; Vis, visceral fat. *p Ͻ 0.05,
Body weight, length, composition, and fat distribution. Body weight was measured weekly in group-housed mice. Nose-to-anus body length was measured by manually immobilizing and gently extending the mice to their full length. Fat mass and lean mass were assessed by nuclear magnetic resonance (NMR) spectroscopy using an NMR spectrometer (EchoMRI-100; EchoMedical Systems). The volumes of visceral fat and subcutaneous fat were assessed using the eXplore Locus micro-CT scanner (GE Healthcare), as described previously (Xu et al., 2008) . Fat pad weight was measured from dissected tissues.
Food intake, energy expenditure, and locomotor activity. Energy expenditure and locomotor activity were measured from 11-week-old male mice. Male mice were individually housed for 3 d before measurement of food intake. Energy expenditure was measured with the Oxymax apparatus (Columbus Instruments). Mice were monitored in the metabolic chambers over a 3 d period, and the data from the final day were analyzed. Oxygen consumptions were calculated by dividing lean body weights, which were measured by a CT scanner (LaTheta; Hitachi Aloka Medical). Locomotor activity in the metabolic chamber was measured with an infrared light beam detection system (ACTIMO-100; Shinfactory). The total number of beam breaks in the x-and y-axes every 18 min was counted.
Glucose and insulin tolerance tests. For the glucose tolerance test (GTT), mice were fasted overnight (7 P.M. to 10:00 A.M.), and then 2 g/kg glucose was administered intraperitoneally. For the insulin tolerance test (ITT), mice were first fasted for 3 h (11:00 A.M. to 2:00 P.M.), and then 1 U/kg insulin (Eli Lilly) was administered intraperitoneally. Tail vein blood was assayed for glucose concentration measurement using a One Touch Ultra Blood Glucose Meter (Lifescan). The area under the curve (AUC) was calculated by the trapezoidal method.
Analysis of blood samples. Food was removed from the home cage for 3 h, and blood was collected from the tail vein for insulin, leptin, free fatty acid, triglyceride, and total cholesterol assays or after decapitation for lipoprotein measures. Insulin and leptin levels were measured using an insulin ELISA kit (catalog #90080; Crystal Chem) and a leptin ELISA kit (catalog #90030; Crystal Chem), respectively, according to the instructions of the manufacturer. The serum levels of free fatty acids, triglycerides, and total cholesterol were measured by Vitros 250 (Ortho-Clinical Diagnostics). For the measurement of plasma lipoprotein levels, plasma was separated with a Superose 6 10/300 GL gel filtration column and then quantitated by the Metabolic Phenotyping Core at the University of Texas Southwestern Medical Center.
Dissection of nuclei. Mice were anesthetized with chloral hydrate (500 mg/kg). Coronal slices between bregma, at Ϫ0.58 and Ϫ1.22 mm and Ϫ0.58 and Ϫ2.80 mm were made for the PVH and amygdala respectively, and each nucleus was microdissected with a scalpel.
Microarray and quantitative PCR analysis of RNA. Total RNA was extracted from the dissected hypothalamic nuclei of 6-week-old males with TRIzol reagent (Invitrogen) and phenol/chloroform. For the microarray, RNA samples of PVH from five mice were pooled for each group, and three groups per genotype were prepared. RNA quality and concentration were confirmed using the Illumina Bioanalyzer Bioanalyzer system (Illumina). Samples were hybridized to the Mouse WG-6 v2.0 expression BeadChip (Illumina) at the University of Texas Southwestern Genomics and Microarray Core. Normalization with statistical analysis was performed with GeneSpring GX (Agilent Technologies). Expression results were deposited at the Gene Expression Omnibus (National Center for Biotechnology Information accession number GSE42304). For real-time qPCR analysis, RNA samples were treated with DNase I (Roche), and then reverse transcription was performed using the High Capacity cDNA Reverse Transcription kits (Applied Biosystems). TaqMan assays were performed using primers and probes for Dnmt1 (Mm01151063_m1), Dnmt3a (Mm00432881_m1), Dnmt3b
Figure 3. Food intake, energy consumption, and locomotor activity. A, Daily food intake of 11-week-old (n ϭ 5) male mice. Oxygen consumption of 11-week-old male mice (n ϭ 5) (B) and average oxygen consumption during 6 h (C). RER of 11-week-old male mice (n ϭ 5) (D) and average RER during 6 h (E). Locomotor activity of 11-week-old male mice (n ϭ 5) (F ) and total number of movements during 6 h (G). *p Ͻ 0.05, **p Ͻ 0.01, # p Ͻ 0.005.
, and 18S (Hs99999901_s1) from Applied Biosystems. The ddCT method was used to express mRNA levels in arbitrary units. Bisulfite sequencing. Genomic DNA was isolated from dissected PVH of 6-week-old males by proteinase K digestion, phenol:chloroform extraction, and ethanol precipitation. Genomic DNA was treated with sodium bisulfite and purified using the EZ DNA methylation kit (Zymo Research). PCR amplification was performed with Zymo TaqDNA polymerase (Zymo Research) and outer primers for TH gene (forward, 5Ј-TGTTTTGGTTTGATTAGAGAGTTTTAGA-3Ј; reverse, 5Ј-CCCCTAAATAACAACATATCATCCT-3Ј) and then inner primers for the TH gene (forward, 5Ј-TTGGTTTGATTAGAGAGTTTTAGAT-GTT-3Ј; reverse, 5Ј-AATTCTATCTCCACAACCCTTACC-3Ј) and for galanin gene (forward, 5Ј-TATATTAGTTTAGTTTTGGGAAGGAAA GTAA-3Ј; reverse, 5Ј-AACTAATCAATACAAAATCAAAACTCTCTC-3Ј). The PCR products were cloned using the TOPO TA cloning kit (Invitrogen). After incubating with the Illustra TempliPhi amplification kit (GE Healthcare), products were sequenced. More than 24 clones per genotype were sequenced.
Protein analysis. Protein analysis was performed as described previously (Kim et al., 2012) . PVH tissue from control or deletion mice was homogenized in lysis buffer [20 mM Tris, 5 mM EDTA, and 1% NP-40 (v/v)] containing protease inhibitors (P2714-1BTL; Sigma), then resolved by SDS-PAGE, and finally transferred to a nitrocellulose membrane. After blocking the membrane with 5% nonfat milk, proteins (TH and GAPDH) were detected using commercially available antisera [TH (catalog #AB152) from Merck Millipore; GAPDH from Santa Cruz Biotechnology].
Histology. Mice were deeply anesthetized with chloral hydrate (500 mg/kg, i.p.) and then perfused transcardially with saline, followed by 10% Formalin (Sigma). Brains were postfixed with 10% Formalin for 2 h and submerged in 20% sucrose overnight at 4°C. Coronal sections were cut at 25 m using a freezing microtome (1:5 series). Sections were collected in PBS, pH 7.4, transferred to a cryoprotectant solution, and stored at Ϫ20°C. Sections were incubated with 3% normal donkey serum (NDS; Jackson ImmunoResearch) in PBS containing 0.05% Triton X-100 (3% NDS/PBT) for 1 h and then overnight at 4°C with rabbit anti-TH antibody (1:500; catalog #AB152; Merck Millipore) diluted in 3% NDS/PBT. After washing in PBS, sections were incubated for 1 h with Alexa Fluor 488 donkey anti-rabbit IgG (1:400; Invitrogen) diluted in 3% NDS. To quantify Sim1 neurons, Sim1-Cre mice were crossed with tdTomato reporter mice from the Jackson Laboratory (stock No. 007905) (Madisen et al., 2010) . Neurons with Sim1-Cre-induced tdTomato fluorescence were counted, and surface areas were measured by NIH ImageJ in every section from either the right side or left side of the PVH between Ϫ0.58 and Ϫ1.22 mm to bregma and the amygdala between Ϫ0.70 and Ϫ2.80 mm to bregma (Paxinos and Franklin, 2001) .
Statistical analysis. Data are presented as mean Ϯ SEM. Statistical analyses were performed using GraphPad PRISM version 6.0 (GraphPad Software). After confirming normal distribution of data, comparisons between two genotypes were made by the unpaired Student's t test. Twoway ANOVA analyses were used to assess the interactions between genotypes and treatments with relevant post hoc tests. p Ͻ 0.05 was considered statistically significant.
Results

Decreased Dnmt3a expression in HFD-induced obese mice
Environmental factors contribute to the development of obesity, including the consumption of an HFD (Surwit et al., 1988; Enriori et al., 2007) . We first examined Dnmt3a expression levels in the PVH of mice fed regular chow or an HFD. Mice fed an HFD had significantly decreased Dnmt3a expression levels in the PVH (Fig. 1A) , suggesting that Dnmt3a in the PVH is regulated in response to dietary intake.
Generation of mice lacking Dnmt3a in Sim1 neurons
To directly address the role of Dnmt3a in the PVH, we generated Sim1 neuron-specific Dnmt3a deletion (Dnmt3a lox/lox /Sim1-Cre) mice by crossing floxed Dnmt3a mice (Kaneda et al., 2004; Dodge et al., 2005) with Sim1-Cre mice, which express Cre recombinase in subsets of neurons (Balthasar et al., 2005) . As predicted, in the PVH and amygdala in which Sim1 is known to be expressed, Dnmt3a mRNA expression levels were significantly decreased, whereas Dnmt1 and Dnmt3b mRNA expression levels were not altered ( Fig. 1 B, C) . The numbers and densities of Sim1 neurons expressing tdTomato were not different in the PVH and amygdala between Sim1-Cre/tdTomato mice and Dnmt3a lox/lox / Sim1-Cre/tdTomato mice [PVH, 852.25 Ϯ 86.34 neurons Development of obesity in Dnmt3a lox/lox /Sim1-Cre mice Dnmt3a lox/lox and Dnmt3a lox/lox /Sim1-Cre mice were born at the expected genotype and sex ratios and showed normal development until ϳ6 weeks of age. Starting at 7 weeks of age, the body weights of both male and female Dnmt3a lox/lox / Sim1-Cre mice were significantly higher than those of the controls ( Fig. 2A-C) . Both male and female Dnmt3a lox/lox / Sim1-Cre mice also had significantly greater body lengths than those of controls (Fig. 2D) , suggesting enhanced linear growth. Microcomputed tomography imaging showed an increase in the volumes of both visceral and subcutaneous fat depots (Fig. 2E) . The weight of each dissected fat pad, including brown adipose tissue (BAT), was significantly increased in Dnmt3a lox/lox /Sim1-Cre mice (Fig.  2F ) . White adipose tissue (WAT) cells were larger in Dnmt3a lox/lox /Sim1-Cre mice, and their livers contained many large fatty vesicles (Fig. 2G) , suggesting the accumulation of fat in WAT and the liver. These data indicate that Dnmt3a lox/ lox/Sim1-Cre mice developed obesity with overgrowth and increased adiposity.
Food intake, energy expenditure, and locomotor activity of Dnmt3a lox/lox / Sim1-Cre mice To identify potential mechanisms underlying the obesity seen in Dnmt3a lox/lox /Sim1-Cre mice, we monitored food intake and energy expenditure in 11-week old chowfed mice. Daily food intake was significantly increased in Dnmt3a lox/ lox/Sim1-Cre mice (Fig. 3A) . Oxygen consumption was significantly decreased during the early dark phase (Fig. 3B,C) . Furthermore, respiratory exchange rates (RERs) were significantly increased during the early dark phase (Fig. 3 D, E) , suggesting that fat utilization is decreased in Dnmt3a lox/lox /Sim1-Cre mice. The total number of beam breaks were not significantly different between genotypes (Fig. 3F,G) .
Glucose homeostasis in Dnmt3a
lox/lox /Sim1-Cre mice We next assessed glucose homeostasis in mutant mice by performing GTTs and ITTs using 12-and 14-week-old mice, respectively. Blood glucose levels of Dnmt3a lox/lox /Sim1-Cre mice were significantly higher at 60 and 120 min after the initial glucose injection of the GTT (Fig. 4A) . ITT results showed decreased glucose excursion in Dnmt3a lox/lox /Sim1-Cre mice after insulin injection (Fig. 4B) . These results suggest impairment in glucose tolerance and insulin sensitivity in Dnmt3a lox/lox /Sim1-Cre mice, consistent with their obesity. Furthermore, serum insulin and leptin levels in Dnmt3a lox/lox /Sim1-Cre mice were significantly increased after the onset of obesity (Fig. 4C,D) .
Effects of an HFD on Dnmt3a
lox/lox /Sim1-Cre mice Exposure to HFD accelerates the onset of obesity and metabolic disease in mice (Surwit et al., 1988; Enriori et al., 2007) . To investigate the effects of an HFD on Dnmt3a lox/lox /Sim1-Cre mice, an HFD was given to mice at 4 weeks of age. Body weights of HFDfed Dnmt3a lox/lox /Sim1-Cre mice were significantly higher than both HFD-fed or chow-fed controls at 7 weeks of age and onward (Fig. 5A) . The weight gain of Dnmt3a lox/lox /Sim1-Cre mice from an HFD suggests that an HFD exacerbates the underlying deficits in energy homeostasis. Fat mass and daily food intake were markedly increased in HFD-fed Dnmt3a lox/lox /Sim1-Cre mice compared with HFD-fed controls (Fig. 5 B, C) , although serum levels of free fatty acids and triglycerides were not changed compared with HFD-fed controls (Fig. 5 D, E) . Serum levels of total choles- terol and LDL cholesterol were significantly higher in HFD-fed Dnmt3a lox/lox /Sim1-Cre mice ( Fig. 5F-H ) .
Increase of expression level and decrease of methylation level of TH gene in the PVH of Dnmt3a
lox/lox /Sim1-Cre mice We compared gene expression levels in the PVH between Dnmt3a lox/lox mice and Dnmt3a lox/lox /Sim1-Cre mice by using Illumina microarray technology. Using a 1.4-fold change in expression as a cutoff, we found that 20 probes were upregulated and five probes were downregulated in the PVH of Dnmt3a lox/lox / Sim1-Cre mice (Tables 1, 2) . Interestingly, the most upregulated gene was TH, which is a rate-limiting enzyme in catecholamine synthesis. Galanin, an orexigenic peptide related to fat preference (Akabayashi et al., 1994) , was the fourth most upregulated gene. The increased body length in Dnmt3a lox/lox /Sim1-Cre mice could be attributable to the decreased level of somatostatin (Table 2), which inhibits the release of growth hormone. Real-time qPCR analysis confirmed these findings, with a fivefold upregulation of TH and twofold upregulation of galanin in the PVH of Dnmt3a lox/lox /Sim1-Cre mice (Fig. 6A) . Protein levels of TH were also significantly increased in the PVH of the Dnmt3a lox/lox / Sim1-Cre mice (Fig. 6B) .
We also performed immunohistochemical analysis and confirmed the colocalization of TH with Sim1-Cre neurons (Fig.  6C) . Sodium bisulfite sequencing showed that DNA methylation levels in the TH promoter region (Iwata et al., 1992; Okuse et al., 1997) were decreased in the PVH of Dnmt3a lox/lox /Sim1-Cre mice (Fig. 6D) , whereas levels in the galanin gene promoter region (Kofler et al., 1996) were unaltered (Fig. 6E) . These results suggest that the TH promoter, but not galanin, is a direct target of Dnmt3a.
Discussion
This study demonstrates that Dnmt3a levels in the PVH are altered in response to nutritional state and that Dnmt3a in the Sim1 neurons is necessary for normal energy homeostasis. Mice lacking Dnmt3a in Sim1 neurons rapidly developed obesity, hyperphagia, glucose intolerance, and hyper-LDL cholesterolemia when fed an HFD. These mice had altered methylation and expression of the TH gene, suggesting that DNA methylation in the PVH plays an important role for the regulation of TH.
Dnmt3a expression levels were significantly decreased in the PVH of HFD-fed mice. Consistent with our data, Dnmt3a mRNA expression is altered in WAT of obese mice (Kamei et al., 2010) , suggesting a close link between Dnmt3a mRNA expression and obesity. Furthermore, Dnmt3a expression level is decreased in the liver of rats from high-fat sucrose-fed mothers during lactation, and this decrease was prevented by methyl donor supplementation during lactation (Cordero et al., 2013) . Although the transcription factors controlling Dnmt3a expression are not fully understood, the mechanisms underlying Dnmt3a transcription during the development of obesity needs to be clarified. In this study, we found a small, but significant, decrease in Dnmt3a in response to an HFD. Consistent with our findings, Dnmt3a mRNA levels in the nucleus accumbens also showed a small, but significant, decrease in expression in response to external factors (LaPlant et al., 2010) . Although these changes in expression are not robust, the ubiquitous expression of Dnmt3a and the fact that the brain comprises multiple cell types (including neurons and glia) makes it difficult to assess the full extent of Dnmt3a alterations.
Consistent with our current data, mice with a Sim1-specific deletion of MeCP2 also develop obesity and altered behaviors (Fyffe et al., 2008) . These studies highlight the importance of DNA methylation in the PVH for the control of energy homeostasis. In both mouse models, MC4R expression levels were not changed significantly (Fig. 1D) , whereas only the MeCP2 deletion mice showed downregulation of BDNF and CRH gene expression (Fyffe et al., 2008;  Fig. 1 E, F ) . In our Sim1-specific Dnmt3a deletion mice, the mRNA expression levels of TH were highly upregulated in the PVH, and DNA methylation of the TH promoter was decreased. These results suggest that TH is a target of Dnmt3a in the PVH. Notably, previous findings reported that both postnatal and maternal HFD consumption increases TH gene expression and that this is accompanied by decreased DNA methylation in the hypothalamus but not in the VTA (Vucetic et al., 2010 (Vucetic et al., , 2012 .
Hypothalamic-specific regulation of Dnmt3a activity and TH expression could be a potential mechanism behind HFD-induced obesity and developmental programming. Although it is still unknown which catecholamines are upregulated, norepinephrine is an attractive candidate. The PVH is a primary site for norepinephrine action (Leibowitz, 1978) , and norepinephrine injections into the PVH induce feeding through the hypothalamic-pituitary-adrenal axis (Leibowitz et al., 1984) . Furthermore, norepinephrine levels in the PVH are highest at the beginning of dark period in rats (Stanley et al., 1989) . Altered expression of TH and catelcholamines, such as norepinephrine, in the PVH could be the underlying mechanism of the phase-specific reductions of energy expenditure seen in Dnmt3a lox/lox /Sim1-Cre mice. Although previous experiments have shown that corticosteroid administration and stress can induce epigenetic alterations to CRH (Elliott et al., 2010; Genes in which the microarray result ratio was Ͼ1.4 and the p value was Ͻ0.05 are listed. Sharma et al., 2013) , CRH mRNA expression levels were unchanged in our mice. This suggests that nongenomic actions on CRH neurons, such as neuronal activation, could be an underlying mechanism of norepinephrine regulation. Another possibility is the upregulation of dopamine. Dopamine is critical for meal initiation and food reward (Zhou and Palmiter, 1995; Volkow et al., 2011) , and dopamine action in the hypothalamus promotes food intake (Meguid et al., 2000) . Interestingly, developmental programmed mice caused by maternal HFD show altered food preference accompanied with epigenetic alteration in the dopamine pathway (Vucetic et al., 2010; Grissom et al., 2014) . Dnmt3a in the Sim1 neurons could be involved in the alteration of the dopamine pathway and subsequent alteration of the food reward system.
It has been shown that TH levels regulate BAT thermogenesis and sympathetic outflow (Shi et al., 2013) . However, in our model, decreased energy expenditure and increased RER were associated with PVH TH expression. This discrepancy could be caused by heterogeneity of PVH TH neurons, which likely include both norepinephrine-and dopamine-producing neurons (Meister and Elde, 1993; Plagemann et al., 1998; Fujikawa et al., 2007; Dudas et al., 2010) . TH neurons are distributed widely in and around the PVH, including the medial part and posterior part of the PVH, periventricular nucleus, and zona incerta (Ruggiero et al., 1984) . The specific subpopulations of PVH TH neurons responsible for feeding, energy expenditure, and thermogenesis need to be clarified.
Galanin expression was also upregulated in the PVH of our Sim1-specific Dnmt3a deletion mice. Similarly, galanin expression level is increased in the PVH of rats from HFD-fed dams (Chang et al., 2008) . However, our methylation analysis of galanin suggested that the proximal promoter region, in which methylation is linked to galanin expression (Misawa et al., 2013) , is not a direct target of Dnmt3a-induced methylation. It is possible that non-promoter regions, including the enhancer region, intergenic region, and gene body, which have also been linked to gene expression, may be altered Sandovici et al., 2011; Wiench et al., 2011; Aran et al., 2013) . Additional studies including the non-promoter DNA methylation of galanin gene are necessary to uncover the molecular mechanisms underlying galanin upregulation. LDL cholesterol levels were increased in Dnmt3a lox/lox /Sim1-Cre mice fed an HFD, whereas free fatty acid and triglyceride levels were not altered. Consistent with this finding, people born with low birth weights have a trend toward increased LDL cholesterol but normal triglyceride levels (Barker et al., 1993; Barker, 1997) . Because hypothalamic neuronal pathways also regulate circulating cholesterol levels (Perez-Tilve et al., 2010) , it is possible that DNA methylation in the PVH could underlie these changes in LDL cholesterol. Pre-autonomic PVH neurons include a subset of PVH neurons directly innervating parasympathetic and sympathetic preganglionic neurons located in the brainstem and spinal cord, respectively (Swanson and Sawchenko, 1980; Biag et al., 2012) . Studies using transsynaptic viral tracers have also established that the liver and WAT receive innervation from pre-autonomic PVH neurons in a multisynaptic manner (Bamshad et al., 1998; Bartness et al., 2010; Foster et al., 2010; Stanley et al., 2010) . Pre-autonomic PVH neurons connected to these metabolic tissues may be ideally positioned to regulate glucose production, fatty acid transport, and lipolysis (Puschel, 2004; Bartness et al., 2010) . These neurons may also be involved in the modulation of peripheral LDL cholesterol level.
Collectively, our findings underscore the importance of Dnmt3a in the regulation of body weight and energy homeostasis by PVH neurons. Moreover, our work suggests that epigenetic gene regulation in Sim1 neurons, mediated by Dnmt3a, on target genes such as TH may play a role in the normal control of body weight and energy homeostasis.
